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DESIGN AND TESTING OF A PROTOTTPE WATER-COOLED VACUUM INTERRUPTER

FOR USE IN SUPERCONDUCTINGMAGNETPROTECTION CIRCUITS

W. Pt. Parsons

Los Alamos National Laboratory

Lot A3araoa, Neu Mexico 87545 - USA

Abstract. - A water-cooled vacutnn Interrupter was
designed and toeted for use ●t 25 kA ●nd 10 kV. This
device is expected to have ● lifetime ●pproximately
one or.ier or mqnitude Ureater than commercial dc

circuit breakers. Tenting ●hewed thmt, ●lthough the
device could ●ucceosfully carry and interrupt 25 kA,
interruption reliability wae o~ly ●bout 9S% with ●

10 kV recnvery voltaae. In ●ddition, a structural
crack developed in one elect rods from either thermsl
or mechanical ntres$es or a combination thereof.

INTRODUCTION.—

The high capital lnvectment of ● large ●uperconductina

maanet frequently necessitate the inclusion of ● pro-

tective dump circuit in the @yotem. The mo~t common

method for achieving a fact ●neray dump is to inoorc ●

roaiato: in tietlen with the oupetconducttna msgnet.

Pr~ctically, this ●neray dump 10 ●ccomplished by

openlna a circuit bresket snd diverting the magnet

current into ● dump retistor. The requiremcntc for

this circuit br&aker nrc two fold. It must

1. Interrupt the maximum magnet current, Im, cnd

withstand the r~c.very voltsae produced when this

curtent 1s diverter? into the reslntor tnd

2. Conduct Im durina nolml operation of the ●uper-

Conduct ina metne”..

The firet requirement can be ●atlsfied with commer-

cially ●vijltblc dc circuit brarnkers provided the r@-

covery voltmse is llmltad to 4 kV or 10 BD. [II The

oecond requirement can be mstisfied with comeerci.l Ay

available dc circu~t breakerc provided Im is limited

to sbour 12 kA or leoe, Howeve t, th*ra ●re no

commarclal ●witches ●blc to operate m! vo!teges ●hnve

4 kV or St curten:t ●bovs 12 kA. For thfa reacon, Los

Alamos has ●ctfvely been purou!nu tho dewlnpmtnr of ●

olrralc -witch capable (jf oetttfytn~ ●n) curr~nr

volta~e roqufrem~nr up to 25 kA end 10 kV,

INTCRRIJPTCR DCS!~

Acruatnr DQBi~ - The dc lntarruption rallahlllty—.

18 cm, voruwn tntotruptors at 2 kA cncwds $9X.

and
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1. An ●lectrical insulation level of 15 kV dc,

2. A contact clooing force cspabf!ity of 900 kg,

3. ~ ●veraae opening speed of 0.6 m/s,

4. A weld-breaking slack case in the llnkage

●ceembly, ●nd

5. A self -seneratlna ●xial maanetic field COI1 to

improve ●rc characteristics and interruption

performance.

hrial Hagnetic Field Coil. Studies 13] [4] show how

the interruption performance of ● vacuum interrupter

improves with the ●pplication of an axial maRne:ic

field. Uestlnshouee Electric Corporation conducted ●

aerles of experiments to detetmine the sxial maRnetlc

field requlrod to prwent snode spot formation ●nd

thus improve current interruption. 15) The ●tudy

showed thst

field, ~fn,

Bmin (mT

to maintain ● dlffuoe ●rc, the mfnlmum

c Ulven by thn ●mpirfcel ●quation

- 3.1(1 - lo), (1)

where I IS in kiloampereo and B le in ❑illtt~slas, In

an ●~rlftr Loo Alamos oponoored study [6], Cotwn ●nd

Hcberletn #uE@ett that

3(mT) - 7(1 - ]4) (2)



B - 8.4 mT/kA . (4)

This ●quation is plotted in Fig. 1 with the previously

mentioned field ●quations. The present field design

1s ●omewhac higher than in the Yrnabu design ●nd

considerably higher than are the minimum levels recom-

mended kv Carmen and He berlein. The ●coembled

●ctust~r with the axisl field coil is pictured in

Fig. 2.

Interrupter Tube De#t~ - The firet wate~cooled

vacum Interrupter tube tested ●t Lo@ Alrmoa waa

decigned ●nd built by Westlnghouee Electric

Corporation* in 1978. It wao constructed primarily to

so -

I(hh)

E!AxU’” - Aalal magnetic field vo current,

test th~ water-cooling concept and, aaide from the

water pasaages in the stem and contact areas, van a

standard design. The contact material was CLR**, a

●emiresiative, two-phase material developed for low

●rosion propsrtieso The device could successfully

carry currents up to about ]0 kA.

With the same general configuration ●s the firat in-

terrupter, ● new interrupter was speclf~ed in de:afl

by Los Alamos for operation at 25 kA. This interrupt-
●*

●r had contacta mada of LR , ? material thot haa

●rosion character latica ●uperlor to thoat? of copper-

bfemuth but not CLR. Aside from the change in contact

material, the new dacign diffared from the first

primarily In stem and water paoaage alzet. A

comparlaon of thaae two declgna is preasnted in Table

I.

TESTING

Teatlng of the Interrupter ayateu was conducted in

three parta. The flrat group of teats, conaiating o:

puloe interruption testc, verified the ●yscem’s

ability to ~nterrupc high currantc ●t substantial re-

covery voltagea. The ●acond group of teats ●xamined

tha ●yatam’s ●bility to conduct high-leval continuous

currante. The third group of tests, combfnfng tha

flrat ●nd second test ●equencea, ver!fied interruption

●bility immediately ●fter conducting high-level conti-

nuous currants.

Pulse Interruption Teats - The pulse interruption

teats chacked the interruption ayctem for reliatil!?y

before conducting hiIh-level continuous currents.

These tusto ●ctad ●a Q control to detarmine ●ny

reliability degradation caueed by the introduction of

the high-level continuous currmncs. l’hoso tesca ●lso

chocked the Froper oporatlon and optimizacfon of the

*
●otfnghou~t lndustrf~l and Governm?n:

J; :W,w Hor~eheada, N*w York,
Uactinghouao I!lcctrlc Corporat ion proprlctarv

●aterial.

TABLE I

COPIPARISON OF FIRST AND SPCIWD

PRoToTYPE TL!BE DE,. ICNS

First

Sttm o,d. (cm) 1,94

Stem id. (cm) ].32

I!ffectivo ntem ar~a (cm’) ).21

Contact water supply tuh f.d. (cm) (),1?

Internal contact uatot paosaac at~o

(cm?) n, ]1)

}lnw rare ar 27! hP4 (l/m In) 1.!1

Conrarr dlsmotcr (cm) 11*R

~A.uie 2,. - Aaa@mbled actuator.

_xtllth imta,mmoinmml -..----l..–
__ -, . .-.



circuit, including saturable reactors, snubber

circuits, ●nd timing sequences.

The circuit breaker performed 88 current interruptions

that did not involve preheating. Interrupted currents

ranged from 5 to 30 kA while recovery voltages were

varied between 2 and 12 kV. The commutation c~pacitor

Va s varied between 150 ●nd 300 UF during theee teats.

No failutes to interrupt occurred ●xcept during

s eve ral trial tests when the commutation voltage waa

Inaufficiant to produce the neceaaary current zero in

the vacuum interrupter.

The interrupted current in ● typical teat was 26 kA

●nd the peak recovery voltage waa ]0.3 kV. The mean

di/dt durxn8 c~tatlon waa 913 A/pa until the

aaturab:. e reactor came out of ●aturat~on ●t 760 A.

The dl/dt uaa then reduced to 32 A/ya for 24 Ma before

current zero. The initial rate of rise of recovery

voltage was 168 V/us ●ft-r interruption.

Continuous Curtmnt Toata - I’h Interrupter wma tested

●t current levala between 3 ●nd 27 kA in 3 kA lncte-

mcnta with ●n ●lectrode contaci interface force of

4.22 kN. The ●varage realatance of the contacta was

maaaurod to be 4 @?, only 25% of the ]6 @ used ir, the

calculation. I!xatrtnation of the contact ●urfacas ●t

the ●nd of tenting showed ahallw melted ●tets on the

faces. This obaervatlon la consistent with other

aturfleo[8] in which the lnitjcl microacopfc btidgea

brtween two current carrylns surfaces melted to

increace their affective fntcrface cross aactfcm, thus

lwering the bridse rcalatancc.

Hybrid Teats - This ●xperiment combined the pulac fn-

termption ccaca ●nd the continuous current teota to

aimulat~ intorruptlon of a high-level contlnuol:a cur-

rent at hlsh volta8e. FISure 3 ahowa the current

through the lnterrupttr durfns theao ttato. A total

of 87 hybrid tests were p~rformod at cutrcnta ranlfng

from 9 tn 29 kA. Mntt of theoc teata Involved ● cur-

rant cf 25 M.

Fflurc 3, - Curisnt rhrnush Int@rrupfer during hvhtlri
tssts,

There were four reatr!kes of rhc vacuum interrupter

during thfs sequence. l%o of the restrikes occurred

within 1 ms after interruption and were probably a

result of thermfonlc emiaaion from local hot spota

cr?ated during the closed contact conduction perioi.

The ::her two reztrikes were delayed restrikes ●nd

occurred between ?0 ●nd 90 ma after interruption.

Delayed reatrfkea ●te generally caused by small loose

particlea being accelerated scroaa the electrode gap

by the ●pplied tecGvary voltage. 5everal theories

●xplain how thla ●ccelerated partjcle cauaea

breakdown. Cranberg[9] ●uggeats that the impingement

of the particle into the oppoalng ●lectrode may “knock

out” ●nether partjcle with enough energy to cauae ●n

Avalanche. Slivkov[l O] thaorized that the ●ccelerated

particle may vaporize upon impact, cauaing breakdown.

Other ●xperiments [11] have shown that for large

particlea, breakdow, Initiatea between the alectrode

●nd the particle while the particle ia st{ll jn

flight. The plaama produced by this breakdown may be

aufflcient to trlgs~r ● breakdown ●croas the ●nt ire

gap. N1

particle

requlrmd

reatrjke

obacrved,

Particle

of the above ●xplanation ●eaume tt,at the

in jnltially unattached ●nd show the :lm@

for partlclc ●cceleration and zubsequen:

la much ahorcer than the 70 to 9? ms

If we calculate the time required for a

to mo~e from the upper contact to tne lower

contact under th@ influence of gtavjtv, then ● travel

time of -45 ma reoulta. Tho poaalbjll?y ●xfnts that a

small molten Fart icle could bc jarred loose from a hot

spot created during tho cloacd ●lectrode conducclon

pcrjod. Thja particle, moving prlmarlly under the

jnfluence of gravity, would then follow ● pat-em

ajmllar to tho Iaar one deacrjbed.

DISASSEMBLY AND INSPECTION OF TUBE

Fl@r@ ~ ahowa the !nt@rruptcr ●lectrodes ●t the ●nd

of teatln~o The emall ●roac melted by hjsh current

conduction ●ro cvjdent over ●pproximetaly 80% of t h?

contact faces. Thcv ●ro moo? ●aally seen on th~

cathode, the ●lectrode to the ri~ht, ●lthounh ther~ fa

● mate for ●ach area on the ●node. We auapect Pha?

thcao ●remc caueed both the faat ●nd delsyed rcatrlkcm

observed durtns th? hvbrld teats. Cxam!narlon of the

cathode rovealod ● crack fn gn ●lect rode cap. Thla

crack wa B ●videntlv cauaad hv onc nr both of two

etreoa~s:

1. Thstual atraaa, Th@ outer ●dge of th? carhode

fars conralna n twlld-up of conrar? matctfal t}ln*

was rrarrcfcrted /tom t he anodr dwtlnE ntclng,

Thtti hutldup l)r,)du,.cd a lnral peak fn th~

oth?twlno flat ?loct)odc aurfacc, When rltp ●l@r-

( lo,lom W*IF hl(uqjht tofiorhel, thtn ?d@? rpnlnn

wan ths fits? tII inakp conr art ●nd cart led nome



significant portion of the current.

Unfortunately, the edge is not in proximity to

most of the internal cooling passages ●nd quite

possibly overheated, producing internal stresces

that fractured the material.

2. Mechanical #treas. If the raised c$thode edge is

welded to the ●dge of the ●node, then the mechan-

ical force exerted by the actuator during opentng

could have yielded the material by tensile

fracture. Iltia seterial is deaigneg to be weak

in tension to pre, .nt ●erioua contact welding

●fter interrupting heavy fault currentc.

CONCLUSIONS

The vatar-cooled vacuws interrupter ●ppears to have

promise ●s a continuous current, 25 kA interrupter if

the reatrikin8 and ●lectrode cracking problem. can be

●laminated. Dlmcuasiono with Uemtinghouse personnel

have led to e modified interrupter design that should

●liminate or minimize the ptoblema. These modifica-

tions Include

1. IncreaQlng the percentage of copper in the ●lee-

trode cap face to reduce ●lectrical ●nd thermal

reaistlvity.

2. ctran, glng the compocitlon of the ●lectrode cap

sidewall from ● copper based material to pure

copper, This should ●liminatt ●loctrode crtcking

in thie area by t-educin~ ●lectrical heating ●nd

incraaclng thenssl conduction.

3. changing the geomttry of thQ ●lectrode face from

a flat profile to ● fhce with ● ralaed ●nnular

ring directly ●bov~ the cooling paaeaget. This

●rran~ament will insure that contact is mad-

within ● preocrlbcrl distanc~ from thr cool!ng

channelc ●nd chould ;etult in cooler ourfaceo.

It will ●lso preveat welding et tht ●dge of che

Y
,a-

4.

‘he

electrode and reduce the poasibilfty of cracking

resulting from mechanical Cencile stresses.

Decrerrsing the distance between the electrode

face and the cooling channels to improve thermal

conduction from the face.

modified interrupter haa been manufactured and

delivered for testing in the future.
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